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Steady-state erosion of propagating ion beams

D. V. Rose,® T. C. Genoni, and D. R. Welch
Mission Research Corporation, Albuquerque, New Mexico 87110

(Received 19 September 2001; accepted 20 Decembel 2001

A steady-state analytic model of beam erosion is presented and compared with two-dimensional
hybrid particle-in-cell simulations of 100 MeV to 2 GeV proton beams propagating in a dense
background gas. The analytic model accounts for nonzero beam erosion front velocities and the
finite energies of beam particles radially exiting the beam through a single parameter. The model is
in agreement with the simulation results for a single value of this parameter over the beam energy
ranges considered. @002 American Institute of Physic§DOI: 10.1063/1.1452102

A charged particle beam propagating in a gas is neutralwhich particles are being injected ig/Ze, wheree is the
ized only after the gas begins to be ionized. The unneutralmagnitude of the electron charge a#dis the beam ion
ized beam head expands at a rate governed by the net Latharge state. In a time intervalt a length of beanBgcAt
entz force and the beam divergence. Behind the beam headll be added to the tail of the beam, so that the rate at which
the rising conductivity neutralizes the beam space charge arfie number of particles in the box is increasing is
the net azimuthal magnetic field acts as a pinch force, which

: : o - Br b
can confine the beam divergence if this force is large enough.  grcnymR?=— ——, 1)
The net azimuthal magnetic field is the difference of the B ze
beam magnetic field and the magnetic field of the plasmand it follows that beam ions must be leaving the box at a
return current. In addition, an axial electric field is induced inrate (1— 8:/8)1,/Ze. In Eq. (1), R is the beam radius and
the beam, arising from the finite conductivity of the plasman, is the beam number density. The rate of increase of mag-
and subsequent decay of the plasma currents. This electrietic field energy within the box is just
field acts to slow the beam patrticles, resulting in a net energy n B2 2L
loss to the beam. _ ﬁFCf iy - dr:BFC_nTi )

Previous work(see, for example, Refs. 1)#as prima- o 8w c
rily examined the erosion of self-pinched relativistic electron

beams in gas and plasméncluding ion-focused-regime tance, the leading term of which is R{/R) for a 1t azi-

propagation Numerical s!mulatlonssee, for example, Refs.- muthal magnetic field profileR,, is the radius at whiclB,
5 and 6 have also examined various electron beam erosion

d | . s h ined th —0. HereL is determined from Eq(2) by integrating over
Processes, and several experiments have examned the eg’;(r) obtained from the simulation results and found to be
sion of electron beam pulses in preformed plasffds. this

; . ) ) of order 4.
paper, we examine the erosion of intense ion beams propa- pgajancing thenetinflow of particle kinetic energy with

gating in a dense gas. The scalar conductivity model availgye rate of increase of kinetic plus magnetic field energy
able in the IPROP hybrid particle-in-cell cdds used which within the box leads to

is valid for high gas pressures where significant net currents

wherel , is the net current antl is a dimensionless induc-

are expecteddue to recombination We expect the analytic _ 2|_b _ _ 2ol 4 & I_b

model presented below to be independent of the processég 1)Am,C Ze alye—DAMCT 1 B Ze

that lead to net current generation, making this work appli- 8 | 2

cablg tq a vgnety of other beam. transport pr_oblems. These _ _F(y_ 1)Ampc2—b+,8F—nL, 3)
applications include transport of intense light-ion beams for B Ze c

: : : : 10,11
inertial-confinement-fusiofiCF), a proposed scheme for where the parametet specifies the fraction of the “front

long-distance propagation=(100 m) of heavy ion beams |;hetic energy” the exiting particles carry away. For the case
from an accelerator to a reactor chamber as well as transpogt 4 semi-infinite beam where the plasma currents have de-

i ; 12
inside of the reactor chamber for heavy-ion ICGHF). cayed to zero in the tail,,—1, in Eq. (3). Combining terms
We consider a steady state model of an ion beam of 4 simplifying gives

currentl, and energy \{/—1)Ampc2 being continuously in-

jected into a box fixed in the laboratory frame as in Fig. 1. _Be) BeX @
Here, y is the relativistic mass factom,, is the proton mass, B (y=1)—a(y—1)’
A is the atomic number, andis the speed of light. The head where
of the beam moves with the front velocif§ec. The rate at
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FIG. 1. Schematic of the steady state beam model. Beam particles are in-

jected into the box from the left with a spe@d and the beam head propa-
gates forward with a spee@-c, whereB:<pg.

M=Am,/Zm,, and (1-B¢/B) is the dimensionless ero-
sion rate. Making the substitutio';7~:=1/\/1—,82F in Eq. (4)

gives an equation which can be solved numerically for the

single unknowngBg, and hence the erosion rate.
Usingae=1 in Eq.(4) describes the case where the beam

particles leave the box with the kinetic energy associated

with the front velocity. This produces results that are within
a factor of 2 of those calculated from the formula derived byl
Mostrom et al® using a flux conservation argument. It also
agrees very closely with the calculations of Shatal? for
relativistic electron beams (taking =1).

For comparison with the simulations presented below,
we consider herein the specific case of proton beakis (
=1836) withl,=10 kA, |,=5 kA, andL =4. Figure 2 plots
the dimensionless erosion rate for different valuest@fs a
function of the injected beam particle ener@y,. Using «
=1 in Eq. (4) produces the upper curve in Fig. 2. Equation
(4) with =0 has also been used as an erosion rat
estimaté® and produces the lower curve in Fig. 2.

The particle-in-cell code IPRORs used with a model
for tracking the evolution of the background gas conductivity
and plasma currents. These two-dimensionak)( simula-
tions use the IPROP implicit field solver. The beam is in-
jected into a 600 cm long simulation region. The beam
propagates into the stationary mesh until the beam head

O Simulation
A Simulation (no de/dx & scattering)

Erosion Rate

FIG. 2. The dimensionless erosion rate{8r/B) as a function of injected
proton beam energy. The curves are calculated from(&qgand the data
points are from IPROP simulations.
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FIG. 3. Beam particle positions &) 256 ns andb) 64 ns. The lower axis

of each plot shows beam frame axial position and the upper axis show the
laboratory frame axial coordinate.

within 50 cm of the downstream boundary. At this time, the

mesh is moved forward at the injected beam speed. The
beam energy is tracked as the beam passes through diagnos-

tic planes located 600 cm apairt the laboratory frame The
time-integrated beam energy from these diagnostics is used
to determine the total dimensionless erosion rate of the
Heam. The injected beanvi(= 1836) ha a 1 cmradius Ben-

nett current-density profile,Jp(r)o(1+(r/R)?) 2. The
beam current rises linearly from zero to a peak current of 10
kA over 150 cm. The injected beam is monoenerggtith a
single particle energ¥,), and is injected with a transverse
momentum spread that provides a near optimal matching
condition for injection into 760 torr N Simulations with
Yhd withoutde/dx mass stopping and scatterifigof the
beam ions were carried out as part of this investigation. The
simulations that do not includde/dx mass stopping and
scattering provide more direct comparisons with the model.

Insight into the physics of the inductive erosion process
is provided by Figs. 3—5 which summarize the results of a
simulation withE,=900 MeV. This simulation does not in-
clude de/dx mass stopping and scattering of the beam. In
Fig. 3, the beam particle positions are shown at 64 ns and
256 ns. The upper horizontal axis on each plot in Fig. 3 is the
laboratoryz coordinate while the lower horizontal axis is the
beam-framez coordinate. At 256 n$Fig. 3@)], the beam
head has expanded out to the radial walt &60 cm, while
the beam body remains in a self-pinched equilibrium.

The axial momentum of the beam, shown in Fig. 4, dem-
onstrates the effect of the inductive axial electric field on the
beam. The lower framfFig. 4(b)] shows the beam particles
at 64 ns. The axial injection momentum is about 1.68 in units
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FIG. 5. Radial(a) and axial(b) momentum distributions for the beam at 64
ns (solid lineg and 256 nqgdashed lines

Bv)
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over this same time interval. The axial momentum spread
becomes approximately equal to the radial momentum
o 100 200 300 400 500 600 spread on these time scales.
z (cm) It is apparent from the simulation results that particles
leave the beam with a range of energies up to and including
FIG. 4. Beam particle phase space(@t256 ns andb) 64 ns. The lower  the erpsion front energyg, although a rigorous determina-
axis of each plot shows'beam fr_ame axial position and the upper axis shmﬁon of a from the simulation diagnostics has not been at-
the laboratory frame axial coordinate.
tempted. For the comparisons with the model in Fig. 2,dhe
parameter that empirically provides the best fit to the simu-
lations that do not includde/dx mass stopping and scatter-
of By (~900 MeV). The slight decrease iR, along the ing of the beam is 0.67. Particles with radii greater than
beam length is due to slowing by the inductive electric field.~3R are not trapped within the beam and eventually strike
After 256 ns[Fig. 4a)], a large drop in the axial momentum the radial boundary of the simulation box, where they are
is observed near the beam head, where the beam “trumpetibsorbed. These particles have a range of energies as they
has formedextending to the outer wall of the simulation at escape the beam body, but they are accelerated by the net
r=60 cm. Also many smaller spikes iR, develop along radial electric field in the vicinity of the beam head.
the beam, increasing in amplitude from the beam head to tail. The erosion rate for the simulations that inclutle/ dx
These spikes, which are correlated withfield spikes along mass stopping and scattering of the beam do not fit on a
the beam length, are of smaller amplitude than the I&ge constantx curve, becausde/dx mass stopping decreases for
spike near the beam head. This electric field structure hasroton energies between 100 MeV and 2 G&Xn average
also been observed in other numerical simulations, particudimensionlessde/dx erosion rate can be calculated and
larly in ion-focused channel transport for relativistic electronadded to the inductive erosion rate obtained ab@sing o
beams, where the channel density is greater than the bears0.67). This combined erosion rate, shown in Fig. 6, is in
density. In the present simulations, the spikes form due to thgood agreement with the simulations that includie/dx
finite resistivity of the plasma. mass stopping and scattering of the beam.

The hook-like feature that develops near the beam head A model of the steady-state erosion of intense ion beams
in Fig. 4(a) is a result of the original, low-current beam headin a background gas is presented and found to be in good
particles falling back and becoming trapped in the newagreement with detailed two-dimensional hybrid particle-in-
evolving beam head. Although not shown, simulations thatell simulations for injected proton beam energies between
includede/dx mass stopping and scattering of the beam de100 MeV and 2 GeV. The model uses a free parameiter,
velop a similar phase-space character, including the “hookthat enables comparison with other models as well as com-
like” feature in the axial momentum near the beam head. parison with the simulations. Using=0.67 in Eq.(4) gives

Compared with the change in the observed axial momenreasonable agreement with the simulations that do not in-
tum spread, the change in the average radial momentutiude de/dx mass stopping and scattering of the ion beam.
spread is very small over these times scales. Figure 5 showsdding a de/dx mass stopping erosion rate to this result
the radial(a) and axial(b) momentum distribution functions gives a total erosion rate that is in agreement with the simu-
(fy) for the beam at 64 ns and 256 ns. The spread in thé&tions that include beam ion stopping and scattering.
radial momentum distribution shown in Fig(e does in- Here the model is compared with simulations of proton
crease slightly between 64 ns and 256 ns, while the averageams propagating in high pressure (760 tosy das, where
axial momentum shown in Fig.(B) is significantly reduced the IPROP scalar conductivity model is valid and significant
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